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Spin dependent charge pumping in SiC metal-oxide-semiconductor field-effect-transistors We demonstrate a very powerful electrically detected magnetic resonance (EDMR) technique, spin dependent charge pumping (SDCP) and apply it to 4H SiC metal-oxide-semiconductor field-effecttransistors. SDCP combines a widely used electrical characterization tool with the most powerful analytical technique for providing atomic scale structure of point defects in electronic materials. SDCP offers a large improvement in sensitivity over the previously established EDMR technique called spin dependent recombination, offering higher sensitivity and accessing a wider energy range within the bandgap. Charge pumping is widely utilized to characterize interface/near interface defects in metal-oxide-semiconductor field-effect-transistors (MOSFETs). [1] [2] [3] It provides detailed information about the purely "electronic" aspects of defects but it does not provide information about atomic scale structure. [1] [2] [3] Conventional electron paramagnetic resonance (EPR) has unrivaled analytical power to identify atomic scale structure of defect centers but does not provide a direct connection between the defect structure and electronic properties. 4 Conventional EPR is limited in transistor studies because its sensitivity is of order 10 10 defects, a number significantly larger than the total number of electrically active defects in most transistors. The limitations of conventional EPR are, to some extent, ameliorated by electrically detected magnetic resonance (EDMR); a variety of EDMR related techniques have been demonstrated to be quite useful in various circumstances. [5] [6] [7] In semiconductor device research, spin dependent recombination (SDR) has been quite useful.
6-9 SDR exploits the fact that the capture of charge carriers at paramagnetic deep level defects is spin dependent; it allows resonance measurements in transistors and other solid state devices. [6] [7] [8] [9] We show that spin dependent charge pumping (SDCP) can be a powerful vehicle for EDMR. It exploits the same spin dependent charge capture process as SDR, but offers substantial advantages in both sensitivity and the range of accessible energy. We apply SDCP to a topic of substantial current interest: performance limiting defects in SiC MOSFETs.
Silicon carbide (SiC) is a promising wide band gap semiconductor for high power and high temperature applications. The 4H SiC polytype is arguably the most promising. The performance of 4H silicon carbide MOSFETs is limited by poorly understood defects in the interface/near interface region between the silicon carbide and silicon dioxide, [10] [11] [12] which results in poor channel mobility and large threshold voltage instabilities. [10] [11] [12] Previous SDR measurements identified defects in SiC MOSFETs; the most commonly observed defect spectrum has an isotropic g ¼ 2.0030 6 0.0003 and has been tentatively assigned to a silicon vacancy. 6, 7 (In the simplest case, the EPR condition is given by hm ¼ gbH, where h is Planck's constant, b is the Bohr magneton, m is the frequency of the microwave radiation, and H is the magnetic field at resonance. 4 The g is essentially a second-rank tensor.) We apply SDCP to SiC lateral n-channel MOSFETs with dimensions of 1000 lm Â 2 lm and a 50 nm thick gate oxide. This device has an interface trap density of order 4 Â 10 11 cm À2 determined from the charge pumping measurements. The SDCP measurements were carried out at room temperature utilizing a custom built spectrometer consisting of a resonance instruments 8330 series X-band microwave bridge with a transverse electric 102 microwave cavity and an electromagnet controlled by a custom-built magneticfield controller. The magnetic field was calibrated using a strong pitch standard with conventional EPR. To perform SDCP, we applied 1 V to the shorted source drain and body contacts while applying an approximately square waveform to the gate. Measurements involve charge pumping frequencies from 4 kHz to 1 MHz with rise and fall times of 20 ns and 50% duty cycle. SDCP detection is accomplished by monitoring the substrate current utilizing a lock-in amplifier with a modulation frequency of 1 kHz in all measurements. Figure 1 illustrates a comparison between SDR and 1 MHz SDCP spectra taken at the maximum microwave power level of 150 mW with the crystalline c-axis orientated almost parallel to the applied magnetic field. In both SDCP and SDR measurements, parameters were chosen to optimize signal to noise. SDCP measurements were taken with a constant base level gate pulse of À6 V and a high level of 1 V. The SDCP yields an isotropic spectrum with g ¼ 2.0035 6 0.0003 and a 13 G linewidth. In the SDR measurement, the sourcedrain to substrate bias was 2.35 V with 0 V applied to the gate. A schematic comparison of SDR and SDCP is shown on the right of Figure 1 . Whereas in SDR, a constant DC bias is applied to the gate and in SDCP, a square wave is applied to the gate. Note that, taking into account the large difference in signal averaging times, the difference in a)
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The charge pumping energy range is described by 2 the following expression:
Here, DV G is the gate voltage sweep range ¼ 7 V, t th is the thermal drift velocity ¼ 1.25 Â 10 7 cm s
À1
, r is the capture cross section taken to be 1 Â 10 À16 cm 2 , n i is the intrinsic carrier concentration ¼ 5 Â 10 À9 cm
À3
, t r and t f are the rise and fall times, and both 20 ns and V th À V fb is the threshold voltage minus the flatband voltage ¼ 7V. Expression (1) yields an DE cp of 2.9 eV for our measurements, nearly all of the 3.26 eV bandgap of SiC. SDR, however, is only sensitive to the energy range covered by the gated diode recombination current, that is 1 2 qjV f j, 13, 14 where q is the electronic charge and V f is the source drain to substrate forward bias. In this case, jV f j is 2.35 V, yielding an energy range of 1.2 eV. Thus, with parameters optimized for both measurements, SDCP is sensitive to almost three times the energy range of the SDR measurement.
A large additional increase in sensitivity results from the fact that in SDCP, the traps are accessed at a frequency of up to 1 MHz (the charge pumping frequency) whereas in SDR, the access rate is controlled by the steady state rate of charge carrier capture. The capture rate is approximately given by rv th n, 15 where n is the density of charge carriers, r is the capture cross section, and v th is the thermal drift velocity. , the capture rate is approximately 500 Hz. Thus, for 1 MHz charge pumping frequency, SDCP accesses the paramagnetic defect centers about 2000 times more frequently than SDR. Our experiment results indicate that the wider range of energy explored and higher rate of defect centers accessed combines to yield an increase in signal to noise of about a factor of 1000. Figure 2 illustrates 1 MHz SDCP traces with the magnetic field parallel to the surface normal at two levels of microwave power, 150 mW and 5 mW, also taken with a constant base level of À6 V and a high level of 1 V with rise and fall times of 20 ns. Note, the much narrower linewidth and the slightly different zero crossing g values (2.0027 6 0.0003 versus 2.0035 6 0.0003) at 5 mW. The lower power SDCP trace linewidth and g-value of 2.0027 closely match the SDR/ EDMR results on similar devices. 6, 7 As discussed previously, the narrow 2.0027 SDR spectrum has been linked to a silicon vacancy or similar defect structure. 6, 7 Although we are unable to provide definitive identification of the broad EDMR spectrum with g ¼ 2.0035, we note that the spectrum has extended shoulders and does not closely resemble any of the commonly observed defect EPR patterns in 4H SiC. 16 Rather, broad featureless spectra have been observed with both conventional EPR and EDMR in another system, amorphous hydrogenated silicon, where they have been associated with "band tail" states. 17 We tentatively ascribe this wide spectrum to some involvement with such states. Also shown is a schematic comparison of SDR and SDCP. In SDCP, a waveform generator is connected to the gate, while in SDR a constant dc voltage is applied to the gate. In both cases, the source and drain are tied together. They are forward biased for SDR and reversed biased for SDCP. In both cases, the substrate current is monitored. Our results demonstrate that SDCP offers sensitivity of several orders of magnitude above SDR and accesses a wider range of the band gap. SDCP also provides a straight forward link between the widely utilized charge pumping measurements and the analytical power of magnetic resonance. 
